We have established high resolution methods for global monitoring of gene expression in Escherichia coli. Hybridization of radiolabeled cDNA to spot blots on nylon membranes was compared to hybridization of fluorescently-labeled cDNA to glass microarrays for efficiency and reproducibility. A complete set of PCR primers was created for all 4290 annotated open reading frames (ORFs) from the complete genome sequence of E.coli K-12 (MG1655). Glass-and nylonbased arrays of PCR products were prepared and used to assess global changes in gene expression. Full-length coding sequences for array printing were generated by two-step PCR amplification. In this study we measured changes in RNA levels after exposure to heat shock and following treatment with isopropyl-β β β β-D-thiogalactopyranoside (IPTG). Both radioactive and fluorescence-based methods showed comparable results. Treatment with IPTG resulted in high level induction of the lacZYA and melAB operons. Following heat shock treatment 119 genes were shown to have significantly altered expression levels, including 35 previously uncharacterized ORFs and most genes of the heat shock stimulon. Analysis of spot intensities from hybridization to replicate arrays identified sets of genes with signals consistently above background suggesting that at least 25% of genes were expressed at detectable levels during growth in rich media.
INTRODUCTION
The complete genome sequences from more than 21 prokaryotes and two eukaryotes have been reported. Of the completed microbial genomes the best studied is the enteric, Gram-negative bacterium Escherichia coli. The 4.6 Mbp E.coli genome is predicted to encode 4290 open reading frames (ORFs) and at least 115 stable RNAs (1) . Although determination of the sequence of every gene in an organism allows a better understanding of the organism's physiological potential, it is just the beginning of a complete description of how the cell works. Despite over 40 years of intensive study, more than 30% of the ORFs which make up the E.coli chromosome have no known function. This theme is reiterated in all completely sequenced genomes published to date (for example, 2-6) reinforcing the idea that knowledge of the nucleotide sequence of the complete genome is just the first step to understanding the dynamic nature of gene function that allows the cell to grow, replicate and respond to its environment.
To provide a means of expression analysis in E.coli at single gene resolution we have created high density arrays composed of full-length ORF-specific PCR products. This strategy of gene expression analysis was originated by Chuang et al. using λ clone spot blots to monitor gene expression in E.coli at 10 gene resolution (7) . Brown and colleagues have subsequently miniaturized this method and have also brought it to single gene resolution (8, 9) . This basic approach for large scale expression monitoring has been used in a number of different formats including spotted cDNA microarrays (9) (10) (11) (12) (13) (14) and oligonucleotide arrays (15) (16) (17) . Microarrays of PCR fragments corresponding to most of the ORFs from Saccharomyces cerevisiae have been used to study transcriptional changes throughout the cell cycle, during sporulation and in response to a diauxic shift (12, 13, 18) . Methods for global genome comparisons using Mycobacterium tuberculosis microarrays have also been reported (19, 20) .
The ability to determine changes in RNA levels simultaneously for all the genes in a cell is an extremely powerful tool. Regardless of the state of cell growth, one can measure the relative expression levels for each gene under various growth conditions, different genetic states or over a time course during environmental change. These types of studies have begun to identify new sets of genes involved in specific physiological responses. For example, DeRisi et al. identified 183 genes whose expression levels change by greater than 4-fold during the diauxic shift in yeast, about half of which have no previously determined function (12) . Human cDNA microarrays have been used to study the transcriptional response of human fibroblasts to serum stimulation (21) , revealing many similarities between serum stimulation and wound repair.
Analysis of global gene expression data has been difficult due to the large number of data points collected in a single experiment. Eisen et al. recently presented a clustering method that allows easy visualization of genes that may be co-regulated (22) . Their method clusters genes based on similarities in expression patterns and graphically presents the data using dendograms. Comparison of global expression data from S.cerevisiae using their clustering method found that genes having similar function often cluster together, suggesting that ORFs of unknown function may be involved in similar physiological pathways as those genes of known function in the same cluster.
*To whom correspondence should be addressed. Tel: +1 608 262 2534; Fax: +1 608 263 7459; Email: craig@genetics.wisc.edu
To demonstrate the ability of our system to measure changes in gene expression on a global scale and to compare radioactive methods with fluorescence-based methods we have used two classic systems which affect gene expression in E.coli. Induction with isopropyl-β-D-thiogalactopyranoside (IPTG) provided a simple test of the methods since we expected only a few gene transcripts to change, while the effect of heat shock allowed global regulatory affects to be observed. Hybridization of genomic DNA probes to high density arrays allowed assessment of signal variation between spots due to factors such as size, amount of DNA spotted and cross-hybridization to members of gene families.
MATERIALS AND METHODS

PCR primer design
PCR primer pairs were designed to amplify each of the 4290 ORFs in the E.coli K-12 genome. Primers were designed to amplify each ORF beginning at the putative start codon and ending at the stop codon. All primer pairs used ATG as a start codon and TAA as a stop codon regardless of the start and stop codons found in the genomic sequence. Each primer contains a 13-base non-variable 'adaptamer' sequence at its 5' end followed by 20-25 bases of ORF-specific sequence. The length of the ORF-specific region of each primer was adjusted to achieve a melting temperature of 68-70°C. Adaptamer sequences were included to facilitate directional cloning in later stages of functional analysis (J.D.Glasner, C.S.Richmond, G.Plunkett III, S.Hinsa, B.Bochner and F.R.Blattner, manuscript in preparation). The adaptamer sequences of all N-terminal primers include a SapI restriction endonuclease recognition site and have the sequence 5'-TTGCTCTTCCATG . . .-3'. All C-terminal primers also include a SapI site and have the adaptamer sequence 5'-TTG-CTCTTCGTTA . . .-3'. Primers were synthesized then arrayed in 96-well plates (Genosys Biotechnologies) for convenient parallel processing of amplification reactions. These primers are available from Sigma-Genosys Biotechnologies as a complete set or as ORF-specific primer pairs.
PCR amplification
Amplification reactions were performed in two rounds using 96-well plates. For the first round of PCR, 1 U of Pfu DNA polymerase (Stratagene) was used in a 25 µl reaction volume containing 20-30 ng E.coli MG1655 genomic DNA template, 0.5 µM each primer and 200 µM dNTPs. Reactions were cycled 25 times as follows: 95°C for 15 s, 64°C for 15 s, 72°C for 4 min, with a final cycle of 72°C for 5 min. To generate reamplified PCR products used in production of high density arrays, the first round PCR products were diluted 500-fold and 1 µl used as template in 100 µl reactions containing 200 µM dNTPs, 2.5 U ExTaq (PanVera) and 0.5 µM each primer. Reactions were cycled 25 times as follows: 95°C for 15 s, 64°C for 15 s, 72°C for 2 min, with a final cycle of 72°C for 5 min.
All PCR products (2 µl of the total reaction volume) were analyzed by electrophoresis on 1.4% agarose gels in 0.5× TBE. Gels were stained with ethidium bromide and digitally imaged using a CCD camera. BioImage™ software was used to determine the size and purity of each PCR product. An amplification was scored as 'successful' if a single product was within 10% of the expected size of the ORF predicted from the genomic sequence.
Unsuccessful PCRs in first round amplification reactions were of three types: (i) no product observed by ethidium bromide staining (693); (ii) multiple products observed (149); and (iii) reactions resulting in single products of unexpected size (38) . Reactions that failed were repeated using conditions expected to favor amplification of the single desired product. For example, those reactions yielding no product were amplified using lower annealing temperatures. Reactions that resulted in multiple products were amplified using a lower primer concentration and/or a higher annealing temperature. Approximately 97% of the ORFs in E.coli have been successfully amplified using this approach.
Bacterial growth and isolation of total RNA
For all experiments a single colony of E.coli K-12 (MG1655) was used to inoculate 60 ml of Luria-Bertini (LB) broth [1% Bactotryptone (Difco), 0.5% yeast extract (Difco) and 1% NaCl] in 250 ml Erlenmeyer flasks and grown to an OD A 600 between 0.8 and 0.9 at 37°C with constant aeration. IPTG treatment was performed by splitting a 60 ml culture in half and adding IPTG (final concentration of 1 mM) to one 30 ml sample (experimental) while the other sample (control) was untreated. Incubation was continued at 37°C for 30 min prior to harvesting cells. Heat shock induction was carried out by splitting a mid-log culture into two 30 ml samples with the control culture kept at 37°C for 7 min while the experimental culture was shifted to a 50°C shaking water bath for 7 min.
Total RNA was isolated from cells using Qiagen RNeasy columns. Cultures were pelleted by brief centrifugation at 5000 g and cell pellets flash-frozen on dry ice/ethanol. Cells were resuspended by vortexing in 1 ml of TE (10 mM Tris pH 8.0, 1 mM EDTA) containing 500 µg/ml lysozyme (Boehringer Mannheim) and RNA isolation proceeded following the manufacturer's protocol. To remove contaminating genomic DNA from purified RNA, samples were treated with RQ1 RNAse-free DNAse (Promega) followed by Proteinase K digestion, phenolchloroform extraction and precipitation with ethanol. Pelleted RNA samples were resuspended in diethyl pyrocarbonate (DEPC)-treated H 2 O, quantitated by absorbance at 260 nm, and stored in ethanol at -20°C until further use. For timecourse studies cells were grown in rich, defined media (23) to an OD A 600 of 0.8 and 30 ml samples taken at time 0, 5, 10, 15 and 20 min following transfer from 37 to 50°C. RNA was isolated as described above.
Genomic DNA labeling
Genomic DNA isolated from E.coli K-12 was labeled radioactively using nick translation, or fluorescently labeled by random priming using the Klenow fragment of DNA polymerase. Genomic DNA was purified from MG1655 using standard protocols (24) and fragmented by sonication to an average length of 1500 bp. Each radioactive labeling reaction contained 500 ng of fragmented genomic DNA, 0.02 mM nucleotide mix (dGTP, dTTP, dATP), 50 µCi 33 P-labeled dCTP, 50 mM Tris pH 7.9, 5 mM MgCl 2 , 10 mM β-mercaptoethanol, 10 µg/ml BSA and 1.5 U of DNA polymerase I/DNAse I (Life Technologies, Inc.). Reactions were carried out at 15°C for 1 h and stopped by addition of EDTA to 0.05 M. Labeled genomic DNA was purified from unincorporated nucleotides by gel filtration on Sephadex G-50 columns. For each hybridization 2 × 10 6 c.p.m./ml of probe was used.
Fluorescence labeling reactions for microarray analysis contained 1 µg of fragmented genomic DNA, 5 µg of random hexamers, 0.5 mM nucleotide mix (dGTP, dATP, dCTP), 0.1 mM Cy3 or Cy5 labeled dUTP (Amersham-Pharmacia), 50 mM Tris-HCl pH 7.4, 10 mM MgCl 2 , 50 µg/ml BSA, 3 mM DTT and 5 U Klenow (Promega). Reactions were carried out at 25°C for 2 h and stopped by addition of 25 mM EDTA, 0.25% SDS. Labeled DNA was purified and concentrated prior to hybridization using Microcon 30 concentrators (Amicon).
Labeled cDNA synthesis
Random primed cDNA synthesis of total E.coli RNA was used to prepare 33 P-labeled and fluorescently-labeled probes for array hybridization. For radioactive labeling 5 µg of total RNA was pelleted from ethanol, washed once with 70% ethanol and briefly dried prior to resuspension in 12 µl DEPC-treated H 2 O containing 250 ng of random hexamer oligonucleotides (Amersham-Pharmacia). Samples were heated to 70°C for 10 min and chilled on ice prior to probe synthesis. Probe synthesis was carried out at 42°C for 2 h in a 50 µl reaction volume containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT, 0.5 mM dATP, 0.5 mM dTTP, 0.5 mM dGTP, 0.05 mM dCTP, 100 µCi 33 P-labeled dCTP (1-3000 Ci/mmol; Amersham), 40 U RNAsin (Promega) and 200 U Superscript II reverse transcriptase (Life Technologies, Inc.). Following cDNA reactions RNA template was degraded by incubating for 30 min at 65°C in 0.27 M NaOH and 20 mM EDTA followed by neutralization with HCl and Tris buffer. Unincorporated nucleotides were removed by Sephadex G50 gel filtration chromatography (24) .
Fluorescence cDNA labeling was performed essentially as described above. Random hexamers (10 µg) and RNA (20 µg) were mixed in a final volume of 12 µl and treated as above. Probe synthesis was performed at 42°C for 2 h in a 50 µl reaction volume containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dCTP, 0.2 mM dTTP, 0.1 mM Cy dye-labeled dUTP (Amersham), 40 U RNAsin (Promega) and 200 U Superscript II reverse transcriptase (Life Technologies, Inc.). For all experiments Cy3-dUTP was used to label control samples and Cy5-dUTP used to label experimental samples. Following cDNA reactions the RNA template was degraded by incubating for 30 min at 65°C in 0.27 M NaOH followed by neutralization with HCl and Tris buffer. Labeled cDNA was purified and concentrated prior to hybridization using Microcon 30 concentrators (Amicon).
Preparation of high density arrays
Spot blots of ORF-specific PCR products and controls were printed on 23 × 24 cm nylon membranes (GeneScreen Plus, New England Nuclear) in a 64 × 68 hexagonal grid using a Gilson Model 215 liquid handling robot. Before printing, 2 µl of each re-amplified PCR was diluted with 1 µl of an alkaline denaturing solution (0.75 M NaOH, 30 mM EDTA) and directly spotted on pre-wet membranes. Immediately following spot deposition, membranes were neutralized for 20 min in 20 mM Tris (pH 7.0) and baked for 45 min at 80°C. Membranes were stored dry at room temperature or used immediately for hybridization. Control spots on all arrays include genomic DNA and λ DNA. As negative controls, mock amplification reactions and amplification products from several yeast ORFs having no significant match to E.coli genes were used. Whole genome spot blots printed in a similar fashion to those described here are currently available from Sigma-Genosys Biotechnologies.
Microarrays were prepared as described previously (12) using re-amplified PCR products (60 µl reactions) that were precipitated with isopropanol, pelleted and resuspended in 15 µl of 3× SSC prior to spotting.
Radioactive hybridization and raw data analysis
Prior to hybridization, high density arrays were pre-wet in 2× SSC, 0.5% SDS and pre-hybridized for 2 h at 64°C in roller bottles containing 15 ml of 1× hybridization buffer (0.9 M NaCl, 90 mM sodium citrate pH 7.0, 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA, 0.5% SDS and 100 µg/ml sheared salmon sperm DNA). Pre-hybridization buffer was removed and replaced with 1× hybridization buffer containing 2 × 10 6 c.p.m./ml cDNA probe and hybridization continued at 64°C for 40 h. Following hybridization, arrays were washed twice at room temperature and once at 65°C in 0.3 M NaCl, 30 mM sodium citrate, 0.5% SDS followed by one wash at 65°C in 15 mM NaCl, 1.5 mM sodium citrate, 0.5% SDS. Arrays were then sealed in thin polypropylene bags to avoid drying and exposed to a phosphor screen (Molecular Dynamics) for 96 h. Phosphor screens were scanned using a STORM phosphorimaging instrument (Molecular Dynamics) at 100 micron pixel resolution. Images were stored electronically and analyzed using ImageQuant v.4.1 analysis software (Molecular Dynamics). Between successive hybridizations, membranes were stripped by two 30 min incubations in 1% SDS at 100°C and dried for 30 min at 65°C.
To calculate signal intensities a grid of ellipses was drawn and overlaid on the array image and signal intensities for each spot calculated using the volume quantitation method of ImageQuant. Total intensity of all pixels within each ellipse was determined and data saved in spreadsheets. Background correction was achieved by sampling regions outside the array grid and averaging their volumes.
We calculate expression ratios as follows: after correction for background, the percentage of total signal is calculated for each spot as a means of normalization. These values are used to determine the ratio of experimental to control signal. To allow easy comparison of induction and repression ratios, signals that were higher under the control condition (transcription repressed) were used in the numerator of the ratio calculation and then converted to negative values. A threshold of minimum acceptable signal was used to eliminate expression ratios that were extremely high or low due to undetectable signal in control or experimental samples. To determine consistency of ratios across replicate hybridizations a t-test was applied. We report only those ratios with values greater than or equal to ±5 and having a 95% confidence interval as determined by the t-test. The entire data sets are available at http://www.genetics.wisc.edu
Microarray hybridization and raw data analysis
Escherichia coli microarrays were hybridized in a final volume of 13 µl containing 3× SSC, 0.8 mg/ml salmon sperm DNA and 0.2% SDS. Prior to hybridization samples were heated to 95°C for 2 min and pipetted directly onto microarrays. A cover slip was applied and the arrays hybridized overnight at 64°C in a humidified hybridization chamber. Following hybridization, slides were washed for 3 min in 0.2× SSC, 0.1% SDS, followed by two washes of 2 min each in 0.2× SSC and rinsed in 0.05× SSC. To remove residual salts, slides were spun at 500 r.p.m. for 5 min prior to scanning on a ScanArray 3000 confocal laser scanner (GSI-Lumonics). Signal intensities for each spot were determined using ScanAlyze software (available at http://rana.stanford.edu/software/ ). The average fluorescence intensity for each spot was calculated and local background determined as the median pixel intensity in a square surrounding each spot. Following background subtraction, signal intensities were calculated as the percent of total signal as a means of normalization. Ratios and t-tests were performed as described above.
RESULTS
Creation of PCR gene set
To begin systematic functional and expression analysis in E.coli K-12 a complete set of ORF-specific PCR primers was created. The primer pairs were designed to amplify the complete coding sequences from start to stop codon and included a 13-base, non-variable adaptamer sequence. A high fidelity PCR system was chosen to obtain PCR products for downstream cloning and expression studies. We used Pfu polymerase which has 3'→5' proofreading activity and a low error rate (25) (26) (27) . All PCR products were analyzed by agarose gel electrophoresis and digital image analysis. Amplification of all 4290 ORFs with Pfu polymerase was followed by a re-amplification step designed to minimize carry-over of genomic DNA template when printing high density arrays. The re-amplification step used a 500-fold dilution of the Pfu PCR product as template and a Taq/Pfu thermostable DNA polymerase mix to improve yield of large fragments (28) . Using this two-step method we have successfully amplified 97% of the 4290 E.coli ORFs using the original set of PCR primers. Products printed on nylon membranes represent >90% of the E.coli genome while those printed on microarrays represent 95% of the genome. Those ORFs that failed to amplify successfully were eliminated from further analysis during expression profiling.
High density array analysis and validation
To ensure that DNA samples were successfully deposited on nylon membranes and to assess differential hybridization to target genes, we hybridized 33 P-labeled MG1655 genomic DNA to each spot blot. The total intensity of all pixels within each spot (corrected for background signal) was determined after scanning of exposed phosphor screens. In a few cases (32 spots) signals close to average were detected for ORFs that were scored as unamplified following electrophoresis of PCR products. These products were likely produced at levels below the limit of ethidium bromide detection. Only nine spots, scored as successful PCRs, were consistently scored as undetectable (defined as having a signal strength less than three standard deviations above the average background) in all hybridizations. Figure 1 (upper panel) shows the distribution of 33 P-labeled genomic DNA hybridization signal intensities as a function of ORF length. We noticed that small genes (<300 bp) often showed lower intensity signals even when the PCR product was abundant. For the largest genes, the hybridization signal also tended to be lower than average. Inspection of the PCR electrophoresis results reveals that most ORFs >2 kb were amplified less efficiently than smaller genes.
We observed 61 genes with genomic DNA hybridization signals much higher than average (Fig. 1) . Since the majority of these spots (45 spots, marked blue in Fig. 1 ) correspond to ORFs that are members of gene families (paralogs) with high degrees of sequence identity (>70% nucleotide identity over >200 bp) we conclude that the effect is likely due to crosshybridization between paralogs. There is a general trend for genes with greater numbers of paralogs to have higher signal strengths although their intensity also varies depending on the length and degree of similarity between the paralogous sequences. ORFs with sequences that align over >200 bp with >80% sequence identity show the strongest intensity signals. This result is also seen using DNA microarrays (Fig. 1, lower  panel) . Genomic DNA was labeled separately with Cy3 and Cy5 dUTP, the probes were mixed and hybridized to a single microarray followed by laser scanning and quantification. As with the radioactive hybridizations, signal intensities were higher than average for paralogous ORFs. We also find, as with radioactive methods, that small ORFs tend to have weaker signals than do larger ORFs.
IPTG expression profile
The lac operon (lacZYA) is one of the best-studied operons in E.coli. Addition of lactose or IPTG to E.coli cultures in exponential phase growth results in transcriptional induction of the lac genes caused by release of LacI-mediated transcriptional repression. Table 1 shows all genes found to be significantly affected by 30 min treatment with 1 mM IPTG as measured by radioactive methods. As expected, genes of the lac operon are the most highly induced transcripts. Induction ratios for lacZ and lacY were near 60-fold while lacA had an induction ratio of 79-fold. This result confirms the ability of this method to measure specific changes in gene expression using a complex mixture of labeled cDNA. In addition, melA and melB, which make up the melibiose operon, are induced 8-and 6-fold, respectively. This is consistent with previous data from our laboratory (7) . The melA gene encodes α-galactosidase and melB encodes a melibiose transport system permease II, both of which are induced by melibiose under the positive control of MelR (29) . It is interesting to note that melibiose is also able to induce the lac operon (30) although there have been no previous reports of IPTG positively affecting MelR.
Radioactive methods also identified the cryptic β-D-galactosidase gene, ebgA, and two ORFs of unknown function, b1441 and b1297, as induced by IPTG. The ebgA gene is part of the ebgRAC operon thought to have evolved from the lac operon (31). We did not, however, see significant induction of ebgC, which is thought to be co-transcribed with ebgA. Comparison of the ebgA and lacZ DNA sequences using the Wilbur-Lipman alignment method (32) shows~50% sequence identity over >2000 bp. To test if this level of sequence similarity was enough to produce cross-hybridization artifacts using radioactive hybridization methods, in vitro transcribed RNA from the lacZ gene was radioactively labeled using reverse transcriptase and hybridized in the presence of unlabeled total cDNA to an array of 200 spots including lacZ and ebgA. The results confirm that cross-hybridization may have led to the observed 'induction' of ebgA expression (data not shown).
We compared results from radioactive methods to those using E.coli microarrays (Fig. 4E and F) . Control and experimental RNA samples from the same preparations used for radioactive studies were fluorescently labeled and hybridized in parallel to a single microarray. The averaged results from two hybridizations were compared to those from radioactive hybridizations. Using microarrays, genes of the lac and mel operons were induced to levels similar to those obtained with radioactive methods (Table 1) ; however, no significant effect was observed for the two unknown ORFs (b1297 and b1441) or ebgA. This suggests that hybridization and wash conditions were stringent enough to avoid the cross-hybridization artifact or that the sensitivity of microarrays is not high enough to detect cross-hybridization of ebgA. However, Heller et al. report that short regions of sequence identity over the length of the target sequence do result in cross-hybridization artifacts using cDNA microarrays, although the degree of sequence identity for these crosshybridizing species was not reported (33) .
Heat shock response expression profile
The heat shock response is well studied (34-37) and is conserved among many different organisms (36, 38) . Early studies of heat shock in E.coli used two-dimensional gel electrophoresis to identify proteins whose expression was induced due to increased temperature (39-41). More recently, experiments with λ clone spot blots have identified additional members of the heat shock stimulon (7). The heat shock response in E.coli is controlled at the transcriptional level by the alternative σ factors rpoH (σ32) (42) and rpoE (σE) (43, 44) . At least 51 loci have been identified as members of the heat shock stimulon in E.coli (reviewed in 35) although the specific gene sequence affected is known for only 30 of these loci. The remaining 21 loci, although named as heat shock inducible genes in the literature, are as yet functionally or genetically uncharacterized. Heat shock proteins where the biochemical activity of the gene product is known include proteases, chaperones, tRNA synthetases and σ factors.
We used spot blots to identify the genes transcriptionally regulated following a temperature shift from 37 to 50°C using radioactive cDNA probes prepared from total E.coli RNA (Figs 2 and 4G ). Most genes are apparently unaffected while a specific subset of genes show increased or decreased expression following heat shock treatment (for example, see Fig. 2C and D, boxed regions). This experiment identified 77 genes that are induced and 42 genes repressed by heat shock (Table 2 ). For 35 ORFs of unknown function, this study provides the first biochemical evidence for their expression and biological role, although for 12 of these ORFs a putative function was previously assigned based on similarities to sequences of known function (1). The up-regulated genes include 23 previously identified members of the heat shock stimulon (Table 2) , with an additional three known heat shock genes showing induction just below our cutoff values.
The remaining 19 genes with known function have not previously been described as heat shock inducible. Some of these genes are known to be affected in response to other stress conditions, such as the cadAB operon, induced in response to low pH or high lysine concentrations (45); and cspD, induced under conditions of nutritional stress (46) . Another group encode proteins with functions related to heat shock genes: rseA, a negative regulator of σ E (47,48) ; clpA, the ATPase component of the ClpAP protease (49, 50) [clpP is a heat shock gene (51)]; and prlC, a trypsin-like proteinase in E.coli (52, 53) .
Nine of the induced ORFs are members of paralogous gene families. For example, marA has a stretch of 369 bp that are 51% identical to rob. However, although the marA signal was induced 6-fold, rob was not, confirming that cross-hybridization at this level of sequence similarity was not significant. Spots corresponding to IS186 elements were the only spots showing evidence for cross-hybridization in this experiment with all members induced to similar levels.
Of the 42 genes repressed, all but six have known biochemical activities in a number of functional categories. Sixteen are involved in purine or pyrimidine ribonucleotide biosynthesis while four are involved in chemotaxis or motility. One very interesting member of this group is the glyA gene which encodes serine hydroxymethyltransferase and is responsible for converting serine into glycine with the formation of onecarbon units. We have not been able to reproduce repression of purine and pyrimidine biosynthetic genes due to heat shock using a variety of growth conditions. In previous experiments using spot blots prepared from λ clones, 26 new heat shock genes were found on 12 different clones (7, 34) . Due to the low resolution of this method many loci were simply given a generic name (hslA-Z). Ten of the 12 λ clones identified in the previous study encode genes shown in this report to be significantly induced by heat shock ( Table 3) . The criteria for our tentative correlations are as follows: if only one ORF, identified as induced in the present study, was present on a λ clone, the ORF identified here was given that clone's hsl designation. If λ clones were shown previously to have multiple genes induced by heat shock, the corresponding ORFs were compared based on predicted protein size to determine correspondence. In some cases the hsl genes have been subsequently characterized as heat shock inducible [miaA locus (hslY and Z) (54) , ftsJ (hslN), hflB (hslL) (55)] or were recently named based on biochemical characterization [clpYQ (hslUV) (56) ].
We also compared heat shock data from radioactive spot blot analysis to those collected using microarrays (Figs 3 and 4 ; Table 2 ). cDNA probes were prepared from RNA isolated at 5 min intervals following temperature shift from 37 to 50°C. Fluorescent probes were hybridized to E.coli microarrays comparing time 0 to each of the four subsequent time points. Comparing data from the first 5 min time point using microarrays to data from radioactive hybridizations we see that the expression profiles are comparable for both ( Fig. 4G and H) . The majority of ORFs identified as induced by radioactive methods are also detected by microarray analysis (Table 2) . With microarrays, 62 of the 76 genes identified by radioactive methods were seen to be induced to levels of 3-fold or greater. Using a 5-fold cutoff for microarray data identifies 45 of the 76 genes. We also found an additional subset of genes to be induced to levels greater than 5-fold using microarray methods. In general, we found that genes significantly induced by 5 min remained high throughout the time course although a few genes appeared to be temporally regulated (data not shown).
Transcriptome analysis
Most approaches to global transcription analysis rely on generating ratios of signal intensities between control and experimental samples. The ratio between signals for a particular spot provides a robust measure of change in expression level. However, experimental conditions often result in only a small number of genes with altered levels of expression. Induction and repression ratios identify dramatic changes in transcript abundance but ignore the variations in signal intensities between spots that do not significantly change. To a large degree, these variations in signal reflect the absolute abundance of different transcripts in the cell, but one should be cautious when interpreting absolute signal intensities. Two different genes on an array may have different signals because their transcripts are present at different levels or because they differ in size, base composition, or concentration of DNA in the spot. Multiple replicates of an experiment are necessary before we can be confident that the signal derives from a detectable level of RNA resulting from gene transcription. For example, in four replicates of the heat shock experiment we observed 1023 genes expressed above background level in four out of four replicates of the control sample. Likewise, for 1158 genes we failed to detect a signal above background in any replicate. Of the 1158 genes that were not detected, 75% are of unknown function; in contrast, genes of unknown function constitute only 37% of the genes that are always detected. The number of genes with significant signals in only one or two experiments is large, indicating the necessity to repeat experiments to definitively determine if a gene is expressed or not. In fact the proportion of expressed genes is likely to be an underestimate. In these experiments we required that the hybridization signal be above three standard deviations of the background signal in all trials. In a few individual trials the variation in background signal was substantially greater than others leading to exclusion of a large number of genes. Taking these factors into account we observe that at least 25% of the E.coli ORFs were expressed at detectable levels in batch culture at 37°C. 
DISCUSSION
We describe the use of high density arrays of amplimers from the complete E.coli genome sequence to determine global changes in transcript abundance under various experimental conditions. The changes observed in response to treatment with IPTG and heat shock validate use of this method to detect alterations in transcript abundance from samples of total cellular RNA. We have also compared hybridization of radioactive cDNAs to spot blots on nylon membranes with fluorescencebased hybridization to glass microarrays to demonstrate the reliability and reproducibility of the two methods. Figure 4 shows multiple comparisons of data collected using radioactive hybridization to spot blots and fluorescence hybridization to microarrays. Hybridization of identical RNA samples (RNA from E.coli grown in LB broth to mid-log) allowed for measurement of experimental reproducibility between the two methods. Parallel hybridization of identical samples to the same microarray (Fig. 4B) shows a higher degree of correlation than sequential hybridization to the same spot blot (Fig. 4A) . With microarrays only four spots showed ratios greater than 3 with only one of these having a ratio greater than 4. In comparison, spot blots showed 30 spots with ratios greater than 3 and 11 of these with ratios greater than 4. We find that the variation in signal intensities is more apparent for low intensity signals with both methods. Low level signals are more difficult to accurately measure and are impacted to a larger degree by use of average background subtraction (spot blots) as compared to local background subtraction (microarrays).
Hybridization of identical RNA samples to different arrays was used to assess reproducibility of expression analysis when comparing data collected from separate arrays (Fig. 4C and D) . For both methods it is apparent that use of different arrays for experimental and control hybridizations is less reproducible than hybridization of both samples to the same array (Fig. 4 , compare A and B with C and D). Hybridization to different glass microarrays shows a similar correlation to sequential hybridization of the same RNA to a single spot blot.
The same variation between methods is seen when different RNAs from an experimental condition, known to affect few genes, are compared ( Fig. 4E and F) . In this comparison RNA from the IPTG study was used. These RNA samples were isolated independently from a culture that was split for 30 min and maintained at 37°C and would therefore be expected to show more variation than comparison of identical RNA samples. We do see a larger degree of variation when comparing independent preparations of RNA although we only see six spots with ratios greater than 3 using microarrays and 39 spots with ratios greater than 3 with spot blots. A similar degree of variation was seen by Wodicka et al. when independently prepared RNA samples were hybridized to separate oligonucleotide arrays (16) . It is apparent that all global expression monitoring methods will show more variation when independently isolated RNA samples are used. This will become an even greater problem when different RNA samples from normal and wild-type cells are compared.
Based on our results we conclude that the microarray approach is more reproducible than radioactive hybridization to spot blots. The relative ease and minimum time required to perform expression studies with microarrays make this the preferred method. Radioactive hybridization to spot blots produce similar results but appear to be more subject to variation. One explanation for the higher variability with hybridization to separate membranes is variability in spot deposition. We used a single channel robotic printing device which may be more prone to variation than printing methods for microarrays which rely on capillary action of small volumes and contact printing. The advantage of radioactive methods is their minimal cost, availability of whole genome arrays, and the fact that most laboratories are currently equipped to perform these studies. However, if radioactive methods are used for global expression monitoring the preferred method should be sequential hybridization to the same membrane (Fig. 4A ) rather than hybridization of control and experimental samples to separate membranes (Fig. 4C) .
In the IPTG experiment described here we observed induction of the well-characterized lactose operon as well as the melibiose operon. Two ORFs of unknown function were seen to be significantly affected by IPTG using spot blots while these same two ORFs show no affect using microarray assays. Induction of ebgA by IPTG, as seen on spot blots, contrasted with results reported by Hall and Clarke (57) who found that IPTG treatment does not lead to increased enzymatic activity of EbgA assayed in crude protein extracts. The nucleotide sequences of lacZ and ebgA share~50% identity over most of their length and further investigation reveals that lacZ cDNA can indeed bind to the ebgA PCR product during hybridization to spot blots. Although we did not observe the same affect on ebgA using glass microarray methods, Heller et al. report that crosshybridization artifacts using microarray methods can occur due to low levels of sequence identity when they occur over the entire length of a target (33) . The potential for cross-hybridization between genes with significant levels of sequence identity must always be considered when evaluating the results of global expression studies. In fact, 556 E.coli ORFs contain regions of >200 bp that share a minimum of 50% identity to at least one other ORF in the genome. We currently maintain a database of potential cross-hybridizing gene sequences and correlate these with expression analysis to avoid misinterpretation of potentially artifactual hybridization results (available at http://www.genetics. wisc.edu ).
In the heat shock analysis we identified 119 genes significantly affected by growth at 50°C for 7 min when determined by spot blots. More than half of the induced genes (46 of 77) were observed to be similarly affected when assayed using microarray analysis. Genes found to be down regulated using spot blots do not correlate as well when compared to microarray analysis. One explanation of the variation in ratios for these comparisons may be the use of rich defined growth media (23) for RNA samples used in microarray studies compared to growth in LB broth for spot blot analysis. In fact, the observation of repression of nucleotide biosynthetic genes following heat shock was not confirmed in additional heat shock experiments using LB broth, minimal media or rich defined media (not shown).
Correlation analysis of averaged heat shock data showed a very interesting result. As in control studies (IPTG), RNA samples from control and heat shock treated cells were isolated from a single culture that was split and subject to an environmental stimulus prior to RNA isolation. The correlation observed for this study ( Fig. 4G and H) was quite different from that observed with IPTG treatment (Fig. 4E and F) . Heat shock is pleiotropic effector of gene expression which is apparent in the plot. We reproducibly see a larger amount of signal variation between heat shock and control samples using either monitoring method. Again we see that this variation is diminished when using microarrays but the trend is still there. These results suggest that exposure to heat shock has much greater global effects than we are measuring using our significance tests. There may be a large number of genes subtly affected (either specifically or non-specifically) that we cannot accurately measure within the noise inherent to the method.
We have observed that different sets of genes are affected, both positively and negatively, when cells are subject to the same environmental stimuli in different media or at different times. For example, heat shock in LB broth (spot blots) showed a number of differences compared to heat shock in minimal media (data not shown) or rich defined media (microarrays). The majority of genes previously assigned to the heat shock stimulon, as well as a subset of ORFs with unassigned function, were consistently affected in all heat shock conditions, but a subset of genes responded in one condition but not in the other. In addition, when we compared RNA samples from batch cultures of MG1655 grown in different preparations of LB broth and grown to similar optical density, significant differences in the signal intensities of particular genes were observed. These observations argue for special care in the design of global expression studies. Since many interesting expression experiments will depend on addition or removal of compounds from the growth media we favor the use of a chemically defined medium rather than broth. The medium used for heat shock time course studies is ideal in that it is simple to prepare in bulk and supplement as required (23) . Use of such a defined media will also facilitate integration of metabolite abundance information with global transcription analysis.
The ORFs affected by heat shock provide a list of potential players in the cell's response to this stimulus but do not describe how the cell integrates these functions in response to stress. In some cases, however, it is possible to infer a biological role for a gene product based on its inclusion in the set of affected genes. For example, glyA is significantly repressed during the heat shock response under all growth conditions tested. The glyA gene encodes the enzyme serine hydroxymethyltransferase which converts serine to glycine generating 5,10-methylenetetrahydrofolate, a major source of one-carbon (C1) units in E.coli. The next step in catabolism of glycine to CO 2 and ammonia by the enzymes of the gvc operon and lpdA also results in production of C1 units. (The lpdA gene is also down-regulated by heat shock; Table 2 .) C1 units are used in a variety of biosynthetic pathways including deoxypyrimidine nucleotide biosynthesis and formyl-methionine biosynthesis. Gold has proposed that a possible mechanism of global regulation of protein synthesis may occur in the initiation of protein synthesis (58) for which C1 units are required. It is possible that down-regulation of the glyA and lpdA genes could lead to a global down-regulation of translation by limiting the supply of C1 units. This would suggest that simple repression of a few genes could lead to the global down-regulation of protein synthesis observed following heat shock (36, 39) .
Our findings also suggest that there is little change in the overall expression level of most genes following a 50°C heat shock. This observation is in agreement with the findings of Henry et al. (59) who found little change in the level of mRNA turnover following heat shock and suggest that the decrease in protein expression is controlled, not at the level of transcriptional repression, but at the translational or post-translational level.
The results presented here underscore the power of genome-wide measurements of transcript abundance. Detecting changes in response to different stimuli will define hypotheses regarding mechanisms of gene regulation and cellular responses for further analyses.
